Computer simulations of character-state evolution in 8, 16, 32, and 64 ingroup taxa with a known set of relationships demonstrate that the maximum probability of correct phylogenetic inference increases with the number of variable (or informative) characters and their consistency index and decreases with the number of taxa, when the consistency index has been standardized to eliminate its dependence on the number of taxa. Equations for the probability of correct phylogenetic inference and for the standardized consistency indices (including or excluding autapomorphies) are derived. Given that actual studies based on DNA restriction sites and sequences generate more characters with a higher level of consistency than comparable studies based on morphology, calculations suggest that such molecular studies may often provide a more precise guide to phylogenetic relationships. r 1997 Academic Press ''If more reliable results are obtained when there is less homoplasy and if molecular data are less homoplastic than morphological data, then it follows that molecular data are superior. We consider the first part of this equation questionable; that is, the relationship between level of homoplasy and reliability or confidence is weak at best. '' Donoghue and Sanderson, 1992 Homoplasy-the independent origin or loss of one or more traits in different organisms-can distort the inference of phylogenetic relationships, tieing together similar but unrelated taxa. The relative extent of homoplasy in morphological and molecular data-and the implications of using such data to infer phylogenyhave been widely debated (Sytsma and Gottlieb, 1986; Sibley and Ahlquist, 1987; Gottlieb, 1988; Mishler et al., 1988; Palmer et al., 1988; Patterson, 1988; Archie, 1989a Archie, , 1989b Sanderson and Donoghue, 1989; Sytsma, 1990; Sytsma et al., 1991; Wake, 1991; Donoghue and Sanderson, 1992, 1994; Givnish and Sytsma, 1992; Patterson et al., 1993; Donoghue, 1994; Doyle et al., 1994; Hillis et al., 1994; Larson, 1994; Mishler, 1994; Halanych et al., 1995; Miyamoto and Fitch, 1995; Titus and Larson, 1995) .
Homoplasy-the independent origin or loss of one or more traits in different organisms-can distort the inference of phylogenetic relationships, tieing together similar but unrelated taxa. The relative extent of homoplasy in morphological and molecular data-and the implications of using such data to infer phylogenyhave been widely debated (Sytsma and Gottlieb, 1986; Sibley and Ahlquist, 1987; Gottlieb, 1988; Mishler et al., 1988; Palmer et al., 1988; Patterson, 1988; Archie, 1989a Archie, , 1989b Sanderson and Donoghue, 1989; Sytsma, 1990; Sytsma et al., 1991; Wake, 1991; Donoghue and Sanderson, 1992, 1994; Givnish and Sytsma, 1992; Patterson et al., 1993; Donoghue, 1994; Doyle et al., 1994; Hillis et al., 1994; Larson, 1994; Mishler, 1994; Halanych et al., 1995; Miyamoto and Fitch, 1995; Titus and Larson, 1995) .
Recently, Givnish and Sytsma (1997) surveyed 104 phylogenetic studies of plant groups using parsimony. They demonstrated that studies based on DNA restriction sites or sequences involved significantly less homoplasy and a significantly greater number of binaryequivalent characters than studies based on morphology, when number of taxa and taxonomic rank were controlled. Homoplasy was measured as H 5 1 2 CI8, where CI8 is the modified consistency index excluding autapomorphies. CI8 5 ML/RL, where ML is the minimum possible length of a phylogenetic tree (based on the number of informative characters) and RL is its realized length, based on parsimony (Kluge and Farris, 1969) . CI8 (and CI, the consistency index including autapomorphies) tends to decline with the number of taxa in a lineage (Sanderson and Donoghue, 1989; Archie, 1989a; Meier et al., 1991; Givnish and Sytsma, 1997) , at least partly as a result of the increased chance of recurrent mutation in larger groups (Givnish and Sytsma, 1997) . Donoghue and Sanderson (1992) argued that there may be little relationship between the consistency index for a given set of characters and the likelihood of inferring the correct tree for a lineage from those characters.
In this paper, we analyze how the level of homoplasy and number of variable characters might affect the likelihood of correct phylogenetic inference, using a computer simulation involving different rates of mutation in clades of different sizes with known phylogeny. The maximum possible likelihood of inferring the correct phylogeny for a lineage (based on an analysis of dichotomous trees) increases in highly predictable fashion with the consistency index and the number of characters, while decreasing with the number of taxa involved, provided that the consistency index is standardized to eliminate its dependence on the number of taxa. We provide equations for the likelihood of correct phylogenetic inference and for two new, standardized consistency indices (including or excluding autapomorphies). We apply these equations to the data compiled by Givnish and Sytsma (1997) to determine whether studies based on DNA restriction sites or sequences would tend-based solely on the consistency and number of characters, and on the number of taxa they entail-to be more likely than those based on morphology to yield correct phylogenies.
METHODS

Homoplasy and the Likelihood of Correct Phylogenetic Inference
The central problem in using the consistency index-or the retention index (Farris, 1989a,b; Archie, 1989a) , bootstrap analysis (Felsenstein, 1985) , decay analysis , or similar assays-to test the ''reliability'' of a phylogeny inferred from phenotypic variation across taxa is that we do not, in fact, know the actual phylogeny. How then can we test whether a high value of CI is associated with a high likelihood that a phylogeny has been correctly inferred? The only rigorous way to answer this question is to infer phylogenies using artifically created data sets, in which the actual relationships of taxa are known and reflected in the simulated evolution of character-states (Felsenstein, 1978; Saitou, 1988; Sourdis and Nei, 1988; Nei, 1991; Bull et al., 1993; Huelsenbeck and Hillis, 1993; Hillis, 1995; Huelsenbeck and Bull, 1996; Wollenberg et al., 1996) . We adopted this approach to study how homoplasy and the likelihood of correct phylogenetic inference are interrelated. Character evolution and speciation were simulated using the computer program CLADOGEN-ESIS, in which the exact pattern of phylogenetic relationships among a set of species with maternal inheritance is known. Simulations involved one outgroup and 8, 16, 32, or 64 ingroup taxa arranged in a dichotomous tree with equal or subequal branches (see below). Each species was assigned a fixed number of characters, each with states 0 or 1; such characters might be considered as roughly analogous to cpDNA restriction sites that may be present or absent. During each time interval, each character had a probability µ of mutating from its current state, and a probability 1-µ of remaining unchanged, independent of its own current and previous states, or those of other characters in the same species or other species. Because µ is measured per unit time interval, a high ''mutation rate'' µ can correspond to either (i) a rapidly evolving sequence of characters, in which actual mutations of character-states become fixed rapidly over a given period of time; or (ii) evolution of more slowly evolving characters over a longer time.
At the beginning of a simulation run, the common ancestor of the single outgroup taxon and the ingroup taxa is present and undergoes cladogenesis to form the outgroup and ingroup lineages. For notational convenience, the character states of this common ancestor are all set to 0. Immediately following the split into the ingroup and the outgroup taxa, character states are identical to those in the common ancestor; subsequently, character evolution proceeds independently in the two taxa for t 1 time intervals. After this time period, the ingroup taxon speciates into two taxa, and character evolution proceeds as above for an additional t 2 time intervals in the outgroup taxon and two ingroup taxa. Each ingroup taxon then splits again, and character evolution proceeds in ingroup taxa and the outgroup for t 3 time intervals. This process continues until each of 2 n21 ingroup ancestral taxa split into the terminal 2 n taxa, with character evolution proceeding for another t n time intervals. For simulations involving different numbers of taxa, the total number of time intervals (St i ) was held constant at 40, so that comparable amounts of mutation would occur down each lineage at a given mutation rate and number of characters. For 8 taxa, the t i were 510, 10, 10, 106, respectively; for 16 taxa 58, 8, 8, 8, 86; for 32 taxa 56, 7, 7, 7, 7, 66 and for 64 taxa 55, 6, 6, 6, 6, 6, 56 . CLADOGENESIS produced output files directly readable by PAUP* 4.0, with the outgroup taxon explicitly identified.
Simulations were conducted for mutation rates µ of 0.001, 0.03, 0.01, 0.03, and 0.1 per character per time interval, involving 8, 16, 32, and 64 ingroup taxa with 25, 100, 250, and 500 characters each. Fifty independent simulations were conducted for each of the 80 combinations of mutation rate, number of taxa, and number of characters. Phylogenetic relationships were inferred using Wagner parsimony among the ingroup taxa, using the heuristic search option in PAUP* 4.0; CI, CI8, RI, number of steps in the shortest tree, and number of variable characters were recorded. To maximize the likelihood of PAUP identifying the correct tree, we used that tree to start each search. The mean 6 standard deviation of these five indices was calculated for the fifty replicate simulations at each combination of mutation rate and number of characters. We note that Huelsenbeck's (1991) GOD simulation, used to test the utility of the g 1 statistic for evaluating support for a particular cladogram, is similar in spirit-if not in implementation and use-to CLADOGENESIS.
The probability of correct phylogenetic inference was calculated in two ways, based on a comparison of the topologies of the shortest tree(s) and the correct tree. For each simulation, the correct tree was either present or absent among the set of shortest trees; if absent, then that simulation was assigned a score of 0 for calculations of either ''semi-strict'' or ''strict'' correct inference. If the correct tree was present among the shortest trees, the simulation was assigned a score of 1 for semi-strict correct inference, and a score of 1/k for strict correct inference, where k is the number of topologically distinct shortest trees. The mean 6 standard deviation of these scores were calculated for the replicate simulations at each combination of mutation rate and number of characters to provide indices of semi-strict and strict correct inference under those conditions.
Average values of CI, CI8, RI, number of steps in the shortest tree, number of variable characters, percentage semi-strict correct inference, and percentage strict correct inference were related to mutation rate, number of characters, and each other via nonlinear regression, in an effort to understand the relationship of the level of homoplasy to the likelihood of correct phylogenetic inference. Our simulations, based on dichotomous trees with equal branch lengths, should be seen as producing estimates of the maximum possible likelihood of correct phylogenetic inference for trees of a given size, given that the shorter branches in less regular trees should be more difficult to resolve with a given number of characters (see Hillis et al., 1994) and level of homoplasy. The modified homoplasy index H* 5 1/CI 2 1 (Givnish and Sytsma, 1997)-a measure of the ''noise/signal ratio'' in character-state data-showed a linear relationship to the number of taxa at a given mutation rate in the CLADOGENESIS simulations and in the random resampling of taxa from three molecular data sets involving plant groups (Givnish and Sytsma, 1997) . This allowed us to derive equations for standardized consistency indices (CI* 9 and CI*8 9 ) that eliminate the statistical effects of the number of taxa on consistency.
Likelihood of Correct Inference Using Molecular vs Morphological Data
Equations for the likelihood of correct inference were applied to the 104 phylogenetic studies of plant groups compiled by Givnish and Sytsma (1997) . All studies were based on parsimony and stratified into three groups, including 42 based on morphology, 40 based on DNA restriction-site studies, and 22 based on DNA sequences. The number of binary-equivalent informative characters was calculated for each study (Givnish and Sytsma, 1997) . The likelihood of correct phylogenetic inference was calculated using the nonlinear equations developed in this study, and were then related to the number of taxa involved in studies via linear regression. Differences between regression lines for morphological, restriction-site, and sequence studies were evaluated using analyses of covariance (ANCOVA) (Snedecor and Cochran, 1989; de Queiroz and Wimberger, 1993; Givnish and Sytsma, 1997) .
RESULTS
Homoplasy in Relation to the Likelihood of Correct Phylogenetic Inference
As the mutation rate µ per character in CLADOGEN-ESIS simulations increases from 0.001 to 0.1 per time interval, the mean number of variable characters increases, and the mean values of CI and CI8 for the shortest tree(s) decrease for a given number of taxa (Figs. 1 and 2). For example, when 8 ingroup taxa with 500 characters are considered, the mean number of variable characters at the end of the simulation increases sharply from 87.6 6 9.6 (17.5 6 2.0%) at µ 5 0.001, to 411.1 6 6.6 (82.2 6 1.3%) at µ 5 0.01, and then plateaus near 500 for higher mutation rates (Fig.  1 ). The pattern seen for 50, 100, and 250 characters is virtually identical, except that the absolute number of variable characters is decreased in proportion to the total number of characters.
For 8 ingroup taxa, as µ increases from 0.001 to 0.1, the mean value of CI declines from 0.937 6 0.026 to 0.375 6 0.005 for cases involving 500 characters; CI8 shows a parallel decline, at somewhat lower values, from 0.841 6 0.061 to 0.365 6 0.005 (Fig. 2) . As expected, the mean values of CI and CI8 show nearly identical responses to shifts in µ when fewer than 500 characters are involved.
Inspection of histograms of tree-lengths derived from a complete series of runs involving 8 taxa with 500 characters analyzed using exhaustive search (Fig. 3) shows that (i) maximum skewness occurs at intermediate levels of µ; (ii) at low and intermediate levels of µ, the correct tree is usually located among the shortest trees at the left-hand end of the histogram; and, most importantly, (iii) the correct tree is not even remotely the shortest tree for high values of µ, and instead is often found near the middle of a normal distribution of tree lengths.
The likelihood of correct phylogenetic inference appears, at first glance, to show a complex relationship to the mutation rate µ for a given number of taxa (Fig. 4) . Generally, the percentage of strict correct inferences increases with mutation rate at low values of µ and then declines toward zero at high values of µ. Given that CI and CI8 decline monotonically with µ, this implies that the likelihood of correct phylogenetic inference would appear to increase and then decrease with increasing values of the consistency index-provided that no other factors are taken into account. What is the basis for these nonmonotonic trends and what other factors should be included in analyzing the relationship of correct phylogenetic inference to the consistency index?
The increase, then decline, in correct phylogenetic inference with increases in µ is fairly easy to understand when one considers how µ affects the relative amounts of differentiation among a fixed number of taxa in the simulation. Obviously, at µ 5 0, there would be no differentiation among taxa and it would be impossible to infer phylogeny correctly. At low values of µ, increases in the mutation rate increase the number of characters that are likely to change state during each stage of the simulated evolutionary process, leaving FIG. 3. Sample histograms of relative tree lengths generated by PAUP from individual CLADOGENESIS simulations that involve 500 characters and differ in the mutation rate µ. Shortest trees are on the left, with relative tree length being defined as actual tree length 2 minimum tree length 11. Arrows indicate location of the correct tree. At low mutation rates, the correct tree is among several shortest trees; the likelihood of strict correct inference is low, and that of semi-strict correct inference is high. At intermediate mutation rates, the distribution of tree lengths becomes strongly skewed, and the correct tree is frequently the single shortest tree; consequently, the likelihood of both strict and semi-strict correct inference is high. At high mutation rates, the distribution of tree lengths becomes symmetric, and the correct tree is often far from the shortest tree identified; as a result, the probability of both strict and semi-strict correct inference is low.
behind an increasing number of traces of ancestry that can be recovered by a parsimony analysis of the terminal taxa. Put another way, each taxon in a CLADOGEN-ESIS simulation is represented as a point in k-dimensional space, where k is the number of characters; as µ increases, at least at low values, it increases the rate at which the ''points'' corresponding to different taxa drift apart during simulated evolution. Provided that µ remains fairly low, recently diverged taxa will be much closer together in k-dimensional space than those that diverged at a more distant point in the past, and there is enough variation on which to conduct a successful cladistic analysis.
However, at higher values of µ, the ''points'' representing the taxa drift apart very rapidly in k-dimensional space, and soon there is relatively little difference in the distance between the most similar and most dissimilar taxa (Fig. 5) . Furthermore, high mutation rates erase synapomorphic character-states at a high rate, eliminating the memory of past cladogenetic events, and creating spurious nonhomologous matches in other character-states. High mutation rates are thus inimical to correct phylogenetic inference because they eliminate synapomorphies almost as rapidly as they create them and because they eliminate any hierarchy in the distances among taxa. Very low mutation rates are also inimical to correct phylogenetic inference, because very few synapomorphies ever evolve, even though those that do are fairly permanent.
The decline in CI (and CI8) with µ is simply a reflection of the decreasing ''signal/noise'' ratio in character-states (Givnish and Sytsma, 1997) caused by the rapid erasure of synamorphies and creation of recurrences. It is well-known in information theory that if a signal is noisy it can be clearly transmitted if it is sent many times over the same line or over several parallel and equivalent lines. In our context, this suggests that the likelihood of correct phylogenetic inference-of receiving the correct phylogenetic ''signal'' from past cladogenetic events-should increase with the number of variable (i.e., message-sending) characters at a given CI for a given number of taxa (see Hillis et al., 1994 for discussion of the 4-taxon case). Conversely, the likelihood of correct phylogenetic inference should increase with CI-the ''signal/noise'' ratio (Givnish and Sytsma, 1997) -at a given number of variable characters.
Results from our CLADOGENESIS simulations support these predictions. If we restrict our attention to runs involving 8 ingroup taxa, the proportion S of strict correct inferences shows a highly significant increase with both CI and the number of variable characters:
S 5 trunc(1.9365 ln CI 1 0.3673 ln number of variable characters 2 0.4308)
(r 2 5 0.87, P , 0.001 for each variable), where trunc (x) 5 maximum (0, minimum (1, x)). 1 Other highly significant regressions relate the probabilities of strict and semi-strict correct inference to CI and the number of variable characters, or to CI8 and the number of phylogenetically informative characters, for runs involving 16, 32, and 64 taxa considered separately (Table 1) . Hence, when both CI and the number of variable characters are considered together, both have a highly significant, monotonic effect on the likelihood of correct phylogenetic inference. When CI and the number of variable characters are considered separately, however, neither may show a significant effect on the likelihood of correct inference (e.g., see Fig. 4 ). Because CI and the FIG. 4 . Probability of strict correct inference as a function of mutation rate for CLADOGENESIS simulations involving 8 taxa with 100 or 500 characters.
FIG. 5.
Mean minimum and maximum distances among ingroup taxa and maximum distance of ingroup taxa to outgroup as a function of mutation rate. All distances are Manhattan metrics (S 0 a i 2 b i 0 , summed across all characters i for taxa a and b). Points represent mean distances 6 standard deviations across 10 CLADOGENESIS simulations involving 8 taxa with 500 characters. number of variable characters are inversely related as the mutation rate µ varies, it is essential that their effects be considered only in each other's context. Thus, Donoghue and Sanderson's (1992) conclusion that the likelihood of correct phylogenetic inference may show little relationship to CI-and indeed decline with increasing values of CI (Donoghue and Sanderson 1992 )-is unwarranted, because the synergistic effects of the number of variable characters were not considered.
For a given number of taxa, the proportion of semistrict correct inferences declines monotonically with µ (e.g., r 5 20.58, P , 0.01 for 18 d.f. for 8 ingroup taxa), as might be expected from our results for strict correct inference, and from the fact that the proportion of strict correct inferences declines toward lower values of µ because of a lack of resolution rather than a lack of accuracy. That is, at low mutation rates, the correct tree is generally among the many shortest trees, so the percentage of semi-strict correct inference is high even though the percentage of strict correct inference is low. Surprisingly, the probability S of strict inference shows only a weak tendency to decline with the number of ingroup taxa, when the latter is included as a covariate:
S 5 trunc(1.5302 ln CI 1 0.0419 ln VC 2 0.0466 ln No. of taxa 1 0.4307), (2) where VC is the number of variable characters (r 2 5 0.55, P , 0.0001 for 71 d.f. ). Similar results are obtained when CI8 and the number of informative characters are used as covariates. Even more remarkably, the probability of semi-strict correct inference shows almost no variation with the number of taxa when CI and the number of variable characters are used as covariates: Why does the probability of correct inference increase or remain more or less steady as the number of taxa increases, and why do our regressions provide so little explanatory value? The answer to both questions is that CI (and CI8) is itself a function of the number of taxa (Givnish and Sytsma, 1997) and that its appearance as a covariate with the number of taxa distorts the apparent effect of the latter. To eliminate this problem, we must standardize CI (and CI8) so as to eliminate the effect of the number of taxa on the consistency index. The logarithms of both consistency indices show tight but slightly nonlinear relationships to the logarithm of the number of taxa in CLADOGENESIS simulations; modified homoplasy indices H* (Givnish and Sytsma, 1997) show even tighter fits to the total number of taxa (including the ingroup), with H* 5 0 near N 5 3, as expected (Fig. 6) .
Using the latter relationship, we can standardize the modified homoplasy index H* to its expected value for 8 ingroup taxa and one outgroup:
where N is the total number of taxa (ingroups and outgroup) involved in the phylogeny under scrutiny. When combined with Eq. (2), this yields a ''pull-back'' Note. All equations are of the form S 5 trunc (a ln CI 1 b ln number of characters 1 c), where trunc (x) is maximum (0, minimum (1, x) ).
a Regressions for 64 taxa are based on simulations involving 100 or more characters; runs based on 50 characters could not be analyzed to completion using PAUP and the Macintosh II computers available.
rule giving a standardized consistency index: CI* 9 5 1/(1 1 H* 9 ) 5 (N 2 3)CI N /((N 2 9)CI N 1 6). (6) Similar reasoning leads to the corresponding equation for a standardized consistency index that excludes autapomorphies: CI*8 9 5 1/(1 1 H*8 9 ) 5 (N 2 3)CI8 N /((N 2 9)CI8 N 1 6). (7) When the standardized consistency index (CI* 9 or CI*8 9 ), number of variable or informative characters, and number of taxa are included in multivariate regressions, the probabilities of strict and semi-strict correct inference decrease sharply with the number of taxa, as expected (Table 2) . These regressions explain 80 to 89% of the total variance in correct inference, and reduce the unexplained variance by 55 to 68% compared with that for regressions based on unstandardized consistency indices (see Eqs 5-7).
Contour maps of S (the probability of strict correct inference) as a function of CI* 9 , the number of variable characters, and the number of taxa are shown in Fig. 7 . Note that, as the number of taxa increases, CI* 9 , and/or number of variable characters must rise to maintain a given probability of correct inference. For a given number of taxa, any decrease in CI* 9 must be offset by an increase in the number of variable characters, or vice versa, to keep the likelihood of correct inference unchanged. Specifically, the chance of strict correct inference scales roughly as the cube-root of the ratio of characters to taxa and the 3/2 power of the standardized consistency index. Similar conclusions entailing somewhat different power laws are implied by equations based on CI*8 9 and the number of informative characters ( Table 2) .
Likelihood of Correct Inference Using Molecular vs Morphological Data
Based on the observed values of CI*8 9 , the number of informative binary-equivalent characters, and the number of taxa for DNA restriction-site studies tabulated by Givnish and Sytsma (1997) , the calculated maximum probability of strict correct inference (i.e., of the shortest tree being the correct tree) is 0.73 6 0.26 (n 5 39); the corresponding value for semi-strict inference (i.e., of the correct tree being among the shortest trees) is 0.88 6 0.21 (see Fig. 8 ). Yet these probabilities exceed by highly significant margins (P , 0.0001, 2-tailed t test on sin 21 OEx with 79 d.f. ) those for current morphological studies, based on either strict (0.37 6 0.33) or semi-strict inference (0.53 6 0.34). For plant DNA sequence studies, the average maximum probability of strict correct inference is 0.74 6 0.17 (n 5 25); the corresponding value for semi-strict correct inference is 0.84 6 0.26. These probabilities are almost identical to those for restriction-site studies, and are much greater (P , 0.0001, 2-tailed t test on sin 21 OEx with 63 d.f. ) Note. All equations are of the form S 5 trunc (a ln CI 1 b ln number of characters 1 c ln number of taxa 1 d ), where trunc (x) is maximum (0, minimum (1, x) ).
* Indicates equations based on CI 9 and the number of variable characters; † indicates equations based on CI8 9 and the number of informative characters.
than those for morphological studies, even though the latter tend to be conducted at lower taxonomic levels.
DISCUSSION
Standardized Consistency Indices
Resampling simulations by Givnish and Systma (1997) supported Sanderson and Donoghue's (1989) conjecture that the observed decline in CI8 with the number of taxa N involved in a study is mainly a statistical artifact. As the number of taxa being compared increases, the probability increases that two or more will share a derived character-state as a result of chance, not ancestry. Our CLADOGENESIS simulations support and extend these results, demonstrating that for a given rate/amount of genetic divergence within a lineage, ln CI and ln CI8 decline more or less proportionally with ln (N/3), and H* and H*8 increase proportionally with (N 2 3) (Fig. 6) . These relationships imply simple ''pull-back rules'' (Eqs. 6 and 7) that standardize consistency indices so as to eliminate the effect of number of taxa. These indices should be useful to systematists interested in assessing the amount of homoplasy in character-state data independent of the number of taxa involved.
Homoplasy in Relation to Evolutionary Rate
Our CLADOGENESIS findings also imply that the decline in CI8 with N should be greater in lineages and/or character sets with a greater total rate or amount µ of genetic divergence. In general, we would expect gene sequences or restriction sites that evolve at higher rates to show lower values of the standardized consistency index CI*. While this accords with our experience, exceptions might arise in nature due to the influence of selection. For example, several coding regions (e.g., rbcL) may be under very strong selection pressures and show low divergence among related taxa; introns and spacers may be under much lower selection pressures [although selection on secondary structure may be present (see Hixson and Brown, 1986; Appels and Honeycutt, 1986; Steele et al., 1988; Wheeler and FIG. 7 . Probability of strict (S) correct inference in CLADOGEN-ESIS simulations, as a function of CI* 9 , the number of variable characters, and number of ingroup taxa (see Table 2 ).
FIG. 8.
Maximum probability of strict correct inference for actual phylogenetic analyses based on variation in restriction sites (W), morphology (X), and DNA sequences (1), shown as a function of number of taxa. Probabilities calculated using parameters for dichotomous trees (Table 2) . Lines indicate least mean squares regressions. The intercept of the line for cpDNA restriction sites is significantly greater than that of the line for morphology (ANCOVA, P , 0.001 for 1, 78 d.f. ); there is no significant difference between the lines in slope. Honeycutt, 1988; Dixon and Hillis, 1993) ] and show greater amounts of divergence overall. Based on evolutionary rates/divergence, we would initially expect coding regions to show less homoplasy than noncoding regions. However, if the amount of divergence (P value) between pairs of taxa is comparable for coding and noncoding regions of similar length, then we might predict a higher level of homoplasy in the coding regions. The explanation for this paradox is that a given amount of divergence can occur with low rates of genetic evolution-and consequently, low levels of homoplasy-at individual sites throughout a more or less unconstrained noncoding region, whereas that divergence must be concentrated at a few unconstrained sites in a coding region-with higher rates of genetic evolution and levels of homoplasy as a result.
Homoplasy and the Likelihood of Correct Phylogenetic Inference
Our results show that the probability of correct phylogenetic inference increases with the number and consistency (CI*) of variable (or informative) independent characters, and decreases with the number of taxa, when all three parameters are considered jointly (see Table 2 ). This finding is intuitively appealing. Mutations at individual nucleotides or restriction sites create a ''picture,'' much like a pointillist painting by Georges Seurat, of the relationships among taxa in a lineage. The more ''dots'' (or mutations) that are placed, and the more accurately they are placed on a canvas, the more likely we are to perceive correctly the evolutionary scene they imply. Conversely, if there are few dots (i.e., mutations), or if those present are misleadingly placed, we may imagine a scene-a set of phylogenetic relationships-that is incongruent with the actual pattern of evolution.
Our CLADOGENESIS results imply that, in general, we might expect a high frequency of correct inferences from large numbers of variable, independent characters that display a high standardized CI, a low frequency of correct inferences from a small number of characters that display a low standardized CI, and an intermediate frequency of correct inferences from studies involving either a small number of characters or a low standardized CI, but not both. The DNA restrictionsite studies tabulated by Givnish and Sytsma (1997) involve a much greater number of informative binarystate character-equivalents than morphological studies involving the same number of taxa (overall means of B are 98.9 6 95.4 vs 56.5 6 54.4, P , 0.05 for 2-tailed t test with 81 d.f. ), and a significantly higher degree of character consistency (overall means for CI*8 9 are 0.91 6 0.08 vs 0.77 6 0.10, P , 0.0001 for 81 d.f. ). In other words, most restriction-site studies are likelybased solely on the number and apparent consistency of characters and the number of taxa involved-to be a more reliable guide to phylogeny than morphology. The same is likely to be true of studies based on DNA sequence variation, given that they tend to involve even more characters, and with a higher degree of consistency than morphological studies (Givnish and Sytsma, 1997) .
It therefore seems inescapable that DNA restriction sites and/or sequences-if controlled for genome rearrangement (inversions, deletions, insertions) or transference (i.e., hybridization, introgression, horizontal transmission, or genetic exchange between nuclear and organellar genomes)-will generally provide a more reliable window on phylogenetic relationships than morphological characters. This conclusion does not hinge on whether the greater amount of homoplasy in morphological vs molecular characters is due to convergence or character misclassification; only the overall extent of homoplasy from all sources in molecular vs morphological data is important in the CLADOGEN-ESIS simulations. However, to the extent that the greater homoplasy in morphological data is due to convergence, and to the extent that selection in similar environments can lead to concerted convergence 2 (Givnish and Sytsma, 1997) , morphological data may be even more misleading than their level of homoplasy would indicate. In terms of our pointillist and signal analogies, concerted convergence would involve the simultaneous skewing of several points/signals in the same direction, whereas homoplasy based on character misclassification or recurrent evolution would presumably involve independent, random skewing; the former seems more likely to alter our impression of relationships than the latter.
These conclusions should not be read as a blanket endorsement of the use of molecular vs morphological data in phylogenetic reconstruction. Individual studies based on morphology may entail more characters and/or a greater degree of character consistency than studies of the same organisms using molecular techniques. Some molecular data may be positively misleading: Huelsenbeck and Bull (1996) have shown that 18S rDNA sequences yield a phylogeny for amniotes that differs significantly from that obtained from four other sets of sequences. Morphological and molecular data may prove mutually complementary in many contexts (Sanderson and Donoghue, 1989; Donoghue and Sanderson, 1992; Doyle et al., 1994; Olmstead and Sweere, 1994; Savard et al., 1994; Smith and Sytsma, 1994; Givnish and Sytsma, 1997) . But, given the large statistical advantage of molecular studies in terms of consistency and numbers of characters for a given number of taxa, and the well-defined nature of the sample universe of molecular characters (Givnish and Systma, 1997) , the present study would suggest that, on average, studies based on DNA restriction sites or sequences are more likely than morphological studies to yield accurate insights into phylogenetic relationships, provided that the molecular data are screened for genome rearrangements and transferrance.
There are limits to the inferences that can be made from the CLADOGENESIS simulations. First, CLADO-GENESIS relies only on recurrence (reversals) as a source of homoplasy, so that it may not provide a model for homoplasy arising through other mechanisms. However, given that any pattern of homoplasy generated by recurrence in individual characters could equally well be generated by other mechanisms [i.e., convergence, transference, character misclassification (Givnish and Sytsma, 1997) ], it is likely that the probability of inferring a correct phylogeny would be no higher in a model that involved such mechanisms. It could be lower, however, based on patterns of homoplasy that involve suites of characters and that are likely to be generated only by such mechanisms (i.e., concerted convergence, maternal and biparental inheritance of suites of nuclear and organellar DNA sequences, or systematic misclassification of developmentally allied traits).
Second, the CLADOGENESIS simulations involved only one phylogenetic topology, involving idealized independent characters with equal rates of mutation/ fixation. For a dichotomous phylogeny we found that, as the number of taxa vary, the ratio of the number of variable characters to the number of taxa must remain large, and/or CI* must remain high, in order to assure correct phylogenetic inference. In general, we expect that a greater number of variable characters and/or a higher value of CI* would be required for correct phylogenetic inference if mutation/fixation rates along different branches are unequal (i.e., tree branches have unequal lengths). That is, the more detail in the evolutionary scene-be it due to variation in branch length or a greater number of taxa-the more dots and/or the greater accuracy of their placement is required for it to emerge from a phylogenetic analysis. Our calculations of the likelihood of correct inference should thus be seen as the maximum probability of correct phylogenetic inference for real trees with a given value of CI*, number of variable characters, and number of taxa. Put another way, to insure a specific probability of correct phylogenetic inference, investigators must obtain at least as many variable or informative characters as those specified by 
